Dynamic subarray achieves a compromise between the sum rate and hardware complexity of millimeter wave (mmWave) massive multiple-input multiple-output (MIMO) systems, in which antenna elements are dynamically partitioned to radio frequency (RF) chain according to the channel state information. However, most prior works on multi-user hybrid precoding only considered the fully connected architecture or the fixed subarray architecture. In this paper, a novel multi-user hybrid precoding framework is proposed for the dynamic subarray architecture. Different from the existing schemes, the base station (BS) first selects the multi-user set based on the analog effective channel. Then, the antenna partitioning algorithm allocates each antenna element to the RF chain according to the maximum increment of the signal-to-interferencenoise ratio (SINR). Finally, the hybrid precoding is optimized for the dynamic subarray architecture. By calculating the SINRs on the analog effective channels of the selected users, the antenna partitioning can greatly reduce the computation complexity and the size of the search space. Moreover, it also guarantees the user fairness because each antenna element is allocated to acquire the maximum increment of the SINR for all selected users. The extensive simulation results demonstrate that both the energy efficiency and sum rate of the proposed solution obviously outperform those of the fixed subarrays, and the proposed solution obtains higher energy efficiency with a slight loss of sum rate compared with the fully connected architecture.
I. INTRODUCTION
Millimeter wave (mmWave) systems have been identified as a promising solution to cope with the explosive growth of mobile data traffic [1] , [2] . Moreover, massive multiple-input multiple-output (MIMO) can provide significant array gains to compensate for severe propagation losses and improve the system capacity of mmWave systems. For mmWave Massive MIMO systems, hybrid precoding is efficient for transceivers, which can achieve performance close to that of a full digital precoding with limited number of RF chains [3] - [5] .
As is known, fully-connected architecture is widely adopted in hybrid precoding systems [5] - [8] . In this architecture, each RF chain is connected to all the antennas with phase shifters (PSs) and RF adders. As the numbers of The associate editor coordinating the review of this manuscript and approving it for publication was Shree Krishna Sharma.
the PSs and RF adders increase linearly with the number of antennas, both the hardware cost and power consumption are high for the hybrid precoding systems. To address these challenges, partially-connected architecture has drawn the tremendous attention on the mapping methodologies of radio frequency (RF) chains and antennas, which can greatly reduce the number of PSs and eliminate the need for RF adders [9] - [12] . The partially-connected architecture can be divided into two categories: the fixed subarray and the dynamic subarray. In the fixed subarray architecture, each RF chain is connected with a fixed antenna subset; meanwhile, each antenna is connected to a single RF chain [13] , [14] . In a dynamic subarray scenario, antenna elements are adaptively partitioned into several subsets based on the long-term channel information. It has been proved that the dynamic subarray can achieve a good compromise between the sum rate and hardware complexity [15] , [16] .
Multi-user hybrid precoding is an important approach to significantly enhance the spectral efficiency and system capacity of mmWave massive MIMO systems. One typical multi-user hybrid precoding scheme designed the analog precoder to harvest the large array gain and the digital Zero forcing (ZF), Minimum mean-squared error (MMSE), or Block diagonalization (BD) processing based on the analog effective channel in [17] - [19] . Another typical multi-user hybrid precoding scheme was designed as a solution of non-orthogonal angle division multiple access based on the angle information extracted from the channel estimation in [20] , [21] . Unfortunately, most prior works on multi-user hybrid precoding only considered the fully-connected architecture [17] - [21] . Extensions to the fixed subarray structures were considered in [22] , in which the antenna partitioning and analog precoder were achieved by an exhaustive search to maximize the analog effective channel gain.
In conclusion, limited works have been done for multi-user hybrid precoding in the dynamic subarray architecture. A multi-user analog precoding scheme was proposed in [23] . The antenna element was allocated to the user with the largest amplitude of the channel gain in multi-user MIMO (MU-MIMO) system. Then, the phase of the analog precoder was set based on the quantized phase of the corresponding channel. The above two sub-steps were carried out iteratively until all antenna elements were partitioned. Nevertheless, the antenna elements of the dynamic subarray are partitioned to the user with the maximum effective channel gains, but without considering the multi-user interference. Moreover, it is hard to achieve optimal performance since the number of antenna elements partitioned into each subset cannot accommodate to the rapidly changing condition of wireless channel.
Compared with the fully-connected architecture, the multiuser hybrid precoding schemes for the dynamic subarray are intractable to solve because the antenna partitioning results in user unfairness and multi-user interference (MUI). In this paper, a novel multi-user hybrid precoding solution is designed for the dynamic subarray architecture. The contributions are summarized as follows:
• We design a general framework for multi-user hybrid precoding solution with the dynamic subarray architecture, including the initial analog precoding design, multi-user selection, antenna partitioning, and hybrid precoding for the dynamic subarray.
• We develop an antenna partitioning algorithm for the multi-user dynamic subarray. To mitigate the multi-user interference, each antenna element is dynamically allocated to RF chain according to the maximum increment of SINR. The maximum increment of SINR criterion enhances the user fairness of the antenna partitioning algorithm because it provides almost equal transmission rate for each selected users. Moreover, the antenna partitioning algorithm can greatly reduce the size of the search space and the calculation complexity because SINR is calculated on the analog effective channels of the selected multi-users.
• We propose a novel multi-user hybrid precoding design for the dynamic subarray. First, the codebook is updated for the partitioned antenna elements, and then the analog precoding vector of each multi-user is reselected. Finally, the digital precoding matrix is designed based on ZF criterion to eliminate the inter-user interference. Simulation results show that the sum rate of the proposed multi-user hybrid precoding solution achieves significant gain compared to the fixed subarray and approaches that of the exhaustive search of the dynamic subarray. The results also confirm that the energy efficiency of the proposed solution outperforms the fully-connected architecture because it greatly reduces the number of PSs and eliminates the need for RF adders. Based on the complexity analysis, the amount of computation for the proposed antenna partitioning algorithm can be significantly reduced to N RF × N TX , compared to that of exhaustive search solution, i.e., 1
Finally, we compare the user fairness between the maximum SINR increment algorithm and the exhaustive search solution through the Jain's Fairness Index. It is proved that the proposed algorithm could guarantee the better fairness based on the average achievable rate. The remaining parts of this paper are structured as following. Section II describes the system model and channel model. Section III proposes the problem description and section IV illustrates the specifics of the proposed solution. The simulation results and the performance analysis are discussed in section V. Finally, concluding remarks are presented in section VI.
Notation: Bold uppercase A is a matrix, a is a vector, a is a scalar. In addition, A H , A −1 and A T are the Hermitian operation (conjugate transpose), the inverse operation, and the transpose operation of matrix A, respectively. I N is the N dimensional identity matrix. A F is the Frobenius norm of matrix A. CN (m, R) is a complex Gaussian random vector with mean m and covariance R. A is a set.
II. SYSTEM MODEL AND CHANNEL MODEL A. SYSTEM MODEL
Consider a downlink multi-user hybrid precoding mmWave system with the conventional fully-connected architecture as shown in Fig. 1 , where the BS simultaneously communicates with K mobile users. The BS is equipped with N TX antennas and N RF RF chains. Each mobile user configures N RX antennas. Further, the number of MU-MIMO users is limited by the number of RF chains, i.e., K ≤ N RF . The transmitted signal is represented as
where the transmitter adopts a N RF × K digital precoding weight F BB = F 1 BB , F 2 BB , · · · , F K BB . Considering the fully-connected structures, the analog precoding weight is a
is the analog precoding vector for the rth VOLUME 7, 2019 RF chain. s ∈ C K ×1 denotes the transmitting symbol vector and E ss H = P t K I, where P t is the transmission power at the BS.
The received signal of mobile user k can be written as
where H k denotes the N RX × N TX channel matrix from the BS to the kth mobile user. n k ∼ CN 0, σ 2 N I is an additive Gaussian white noise vector with independent and identically distribution (i.i.d). W k is the 1 × N RX digital vector at the receiver.
Further, W k H k F RF F k BB s k represents the desired signal and i =k W k H k F RF F i BB s i is the multi-user interference (MUI) for the kth user, respectively.
The PSs are adopted by the analog precoder, so the F RF entries possess constant modulus and are normalized to satisfy [F RF ] j,r 2 = 1, (j = 1, . . . , N TX ). The analog precoding codebook F with cardinality |F| = N Q is shared by the BS and the user equipments. On the condition of beam steering codebooks, F consists of the vectors b q =
, where the variables q take the values 0, 1, 2 and N Q − 1. The transmission power constraint is enforced such that
The multi-user hybrid precoding in the dynamic subarray architecture is shown in Fig. 2 , where each RF chain dynamically connects to a subset of large-scale antenna elements and each antenna is only connected to one RF chain as defined in [14] , [15] . With this architecture, the analog RF precoding matrix, F RF , can be rewritten as
where F S r RF is a N TX × 1 analog precoding vector connecting the rth RF chain with N r non-zero values. Correspondingly, S r denotes the antenna subarray connected to the rth RF chain and set S = S 1 , · · · , S r , · · · , S N RF contains all 
B. CHANNEL MODEL
The severe pathloss in mmWave frequency leads to limited scattering [2] , [4] . The geometric channel model is adopted with L k scatterers for the kth user. It is assumed that each scatterer contributes a single propagation path between the BS and the user [5] , [24] , [25] . The channel of mobile user k can be expressed as
where α k,l is the complex gain of the lth path between the BS and the kth user, and L k is the number of scatterers. The variable θ k,l ∈ [0, 2π ] represents the azimuth angle of arrival (AOA) of the lth path. φ k,l ∈ [0, 2π ] represents the azimuth angle of departure (AoD) of the lth path. Consequently, a MS θ k,l and a BS φ k,l represent the array response vectors of the kth user and the BS, respectively. Uniform linear arrays (ULAs) are used, and the array response vector a BS φ k,l of the BS is
where d is the spacing distance between two adjacent antenna elements, and λ is the wavelength of the transmitting signals. Furthermore, a MS θ k,l can be formulated in a similar fashion.
III. PROBLEM FORMULATION
Given the system model for the dynamic subarray architecture in (2), the achievable rate of the kth user is written as
The main objective of this paper is to design the multi-user hybrid precoding weights F * RF , F * BB , S * for the dynamic subarray architecture at the transmitter. In this paper,
For the sake of simplicity, letH k represent W k H k in the following. Then the objective function of hybrid precoding for the dynamic subarray is described as
which is a joint optimization problem of three matrix variables F * RF , F * BB , S * . Unfortunately, this problem is found to be intractable to acquire the global optima for joint optimization problems with the similar constrains [26] , [27] . Thus, the non-convex constraints on the hybrid precoding F * RF , F * BB , S * cannot be directly solved. To simplify the hybrid precoding design of the dynamic subarray, the optimization problem is temporarily decoupled and decomposed into three simple maximum sum rate optimization problems for F * RF , S * , and F * BB , respectively. The details of the proposed solution will be explained in section IV.
IV. THE PROPOSED METHOD
In this section, a general framework for multi-user hybrid precoding in a dynamic subarray system is designed. The joint optimization problem F * RF , F * BB , S * is decomposed into multiple subproblems which include the analog precoding initialization, the multi-user selection, the dynamic subarray partitioning, and the optimization of hybrid precoding for the dynamic subarray architecture. The main idea of the proposed solution can be summarized as follows:
1) Each user searches the best beam from the codebook, which can obtain the maximum single-user analog effective channel gain and feedbacks the index of the best beam to the BS. Accordingly, the BS takes the best beam as the initial analog precoding vector of each user. 2) Then, exploiting the initial analog effective channel, the BS selects the multi-user set from N candidate users to maximize the sum rate. 3) For the selected multi-user set, the antenna partitioning algorithm is designed to maximize the increment of SINR for all selected multi-users. 4) The analog precoding vector is solved for the dynamic subarray architecture, and the digital precoding adopts ZF linear precoding to eliminate MUI, respectively.
A. ANALOG PRECODING
MmWave channel possesses inherent directionality characteristics, thus the best beams of the candidate users depend on their own scattering paths. For single-user hybrid precoding, the common approach of the analog precoding is searching for the strongest beam in the whole codebook [4] , [6] . For multi-user hybrid precoding, space division multiplexing is an important approach to mitigate MUI in the mmWave system [20] , [21] . The mitigation of MUI can improve the SINR of each user, which is beneficial to the sum rate as described in (6) . Therefore, the best beam of each active user is firstly selected based on its own channel and utilized as the important information for multi-user hybrid precoding. That is, the BS adopts the best beam of each candidate user as its initial analog precoding. The process to solve the initial analog precoding is constructed specifically as:
Before the downlink transmission, the BS broadcasts the reference signals, which are sequentially precoded by the codeword of the codebook. Then the user measures the power of the reference signals and selects the codeword of the strongest receiving reference signal as the best beam. The index of the best beam is sent back to the BS. In the last step, the BS takes the corresponding codeword as the initial analog precoding vector of this user.
Further, the analog precoding vector of the nth user can be selected from the analog precoding codebook F according to the following criterion:
where b q is the qth codeword from the analog precoding codebook F.H n represents the effective channel W n H n of the nth user. f o n ∈ C N TX ×1 indicates the initial analog precoding vector to the nth user (n = 1, 2, . . . , N ) and N is the number of candidate users.
B. MU-MIMO USER SELECTION
When the BS transmits signals to multiple users in the same time slot, MUI severely degrades the system performance. The aim of multi-user selection is to select a group of MU-MIMO users with minimum inter-user interference and maximum objective channel gains. Maximizing the sum rate is usually the criterion for user selection, and the SINR for each user should be estimated by the scheduler to simplify the calculation [30] . The basic principle is that the user is only added to the selected user set if the user has the maximum SINR value, as described in [28] , [29] . In this subsection, the user with the maximum SINR value is selected to maximize the sum rate as described in (6) .
Exploiting the initial analog precoding vectors, the SINR of the nth user is written as
The process of multi-user selection is constructed as follows:
Let us define a set of all candidate users T = [1, 2, . . . , N ] and an empty set U, which is updated as the selected VOLUME 7, 2019 multi-user set. The algorithm selects the first user U (1) with maximum channel gain H T (n) 2 F from set T . Then set T and set U are updated as follows:
According to the maximum SINR criterion, the new user is included in the selected multi-user set successively. The algorithm selects the remaining users from set T . The kth user, which will be added into set U, can be represented by the following expression:
where f o T (n) is the initial analog precoding vector of the nth user in set T , f o U (i) is the initial analog precoding vector of the ith user in set U, andH T (n) is the effective channel of the nth user in set T . Then set T and set U can be updated by
In each loop, the user with the maximum SINR value is added to U and removed from T . The process continues until set U contains K users.
C. DYNAMIC SUB-ARRAYS FOR MULTI-USER SYSTEM
In order to address the trade-off between the achievable spectral efficiency and hardware complexity, the dynamic subarrays dynamically partition antenna elements to RF chain based on the long-term channel information [15] , [16] . Different from the single-user case in [15] , [16] , we design the antenna partitioning algorithm for multi-user dynamic subarray hybrid architecture as defined in subsection II. A.
For simplicity, it is assumed that the BS transmits data to every mobile user via only one stream in the design of the subarray partitioning algorithm. Then the objective of this subsection is to address the optimal subarray S * k of the kth user.
To maximize the sum rate of the selected MU-MIMO users, the dynamic subarrays are partitioned according to the maximum SINR of selected MU-MIMO users as described in (6) . The exhaustive search from all probable cases of three unknown matrix variables F * RF , F * BB , S * could be the direct solution for the dynamic subarray, but leads to high computational complexity. To address this issue, the analog precoding vectors are exploited as important information for partitioning antenna elements. It enables each selected user to fully take advantage of large-scale array gains generated by the directional transmission of mmWave Massive MIMO systems. For the antenna subarray S k , the SINR of the kth user is represented by following expression,
where the vector f o S k ∈ C N TX ×1 is obtained by selecting the values of beam f o k according to the dynamic subarray S k . The antenna indexes in S k with N k antenna elements are expressed as S 1 k , . . . , S n k k , . . . , S N k k , where n k is a variable between 1 and N k . Corresponding to the antenna indexes set, f o S k is given by
where q k is the label of the best beam in the codebook F, which was selected for the kth user in Subsection IV. A. It is set to be zero when the element index is not in set S 1 k , . . . , S n k k , . . . , S N k k . However, the maximum SINR criterion results in severe user unfairness because the SINR value is higher for the user being partitioned more antennas. On the other hand, the first antenna generates a larger SINR increment than other antennas, and so on [3] . Considering the user fairness and the objective function of the maximum sum rate criterion, the dynamic subarray allocates each antenna element to RF chain according to the maximum increment of SINR. The SINR increment ∇ k of antenna subarray S k can be defined as
where [S k ∪ j] represents the antenna j being added to the subarray S k . Thus, the optimal subarray S * k can be written as
The algorithm is circularly performed as the following process:
In the initial stage, the dynamic subarray of each user is an empty set and the candidate antenna set contains all antenna elements. Then, the SINR and SINR increment value of each user are updated, respectively, when an antenna is added into the dynamic subarray. Finally, the subarray S * k with the maximum increment of SINR value is found and this antenna element is assigned to the kth subarray S k . Note that only one antenna is assigned and other antennas remain unchanged at each antenna selection stage. The above process is performed iteratively until all antennas are assigned.
In this paper, the antenna number N k of subarray S k is adaptive to the channel state so that multiple users can obtain more array gains. First, the calculation complexity can be greatly reduced since the SINR is calculated on the analog effective channel with low dimension. Further, the selection of each antenna element guarantees user fairness because the SINR increment is the maximum for all MU-MIMO users. Finally, the number of iterations is significantly decreased Algorithm 1 Dynamic Subarray Partitioning. Input: N TX , K , S 0 = {1, . . . , N TX } , S 1 , . . . , S K = φ for j = 1 : N TX for k = 1 : K
because it is equal to the number of multi-users instead of all candidate users.
The process of the proposed algorithm is described in Algorithm 1.
D. HYBRID PRECODING
After the partitioning of dynamic subarrays, the optimization problem in (7) is actually different from the conventional hybrid precoding problem. For the dynamic subarray architecture, both the beam shape and width of each dynamic subarray are changed because the antenna elements are different from the fully-connected architecture. Thus the initial analog precoding should be updated by the dynamic subarrays.
First, for the dynamic subarray with the partitioned antenna elements, the vector b S k q ∈ C N TX ×1 in codebook F S k should be reset. Corresponding to the antenna indexes set S 1 k , . . . , S n k k , . . . ,
It is set to be zero when the element index is not in set
Here, the analog precoding vector F S k RF for the dynamic subarray S k is determined as:
where b S k q is the qth codeword of the analog precoding codebook F S k .
Then, the aim of digital precoding is to eliminate the inter-user interference according to the maximum SINR criterion. The digital precoding algorithms are adopted as the classical ZF and MF schemes [3] , [4] whereH = H 1 F RF , · · · ,H K F RF H is the analog effective channel.
V. SIMULATION RESULTS
In this section, the performance of the proposed solution is evaluated by extensive computer simulations. The exhaustive search of the dynamic subarray, the fixed subarray, and the conventional fully-connected architecture are chosen as benchmarks. To validate the superiority of the proposed solution, we compare the sum rate and energy efficiency of three array architectures, respectively. At last, the computational complexity and user fairness of the proposed solution are investigated.
Specifically, two fixed subarray cases are adopted as shown in Fig. 3 , e.g., the adjacent structure and the interlaced structure where m = N TX N RF . For the exhaustive search algorithm of the dynamic subarray architecture, the optimal subarrays are found by an exhaustive search over all the antenna elements and the analog precoding codewords to ensure the maximum sum rate. Considering the fairness comparison, the fully-connected architecture and the fixed subarray architecture adopt the hybrid precoding method in simulations as proposed in [13] .
Without loss of generality, the key simulation parameters are the same as those in [15] , [17] and are listed in Table 1 . In the simulations, the geometric channel model with L k scatterers is adopted as described in Subsection II. B. The distributions of the path delay and the azimuth angles are similar to that in WINNER II SCM channel model [25] .
A. PERFORMANCE COMPARISONS OF SUM RATE
First, we investigate the sum rate of the proposed solution and the benchmark schemes. The BS is configured with 64 antennas (ULA) and 2 RF chains serving two users simultaneously. As observed from Fig. 4 , the sum rate of the proposed solution significantly outperforms two kinds of fixed subarrays because the antenna elements in the proposed solution are adaptively partitioned to RF chains according to the long-term channel information. And then, the sum rate of the proposed multi-user hybrid precoding scheme approaches that of the exhaustive search in the dynamic subarray architecture with less calculation complexity. Finally, the result shows that the performance loss of the proposed solution is negligible compared with the fully-connected architecture. For instance, the proposed solution can obtain about 97.8% of the sum rate achieved by the fully-connected hybrid architecture and more than 7% of the sum rate achieved by the fixed subarray architecture when the SNR = 0 dB.
In Fig. 5 , we investigate the performance of three array architectures for different numbers of RF chains at the transmitter. The figures show the sum rate versus the SNR in the case of 64 and 128 transmitting antennas and two users with 2 receiving antennas. The number of RF chains at the BS is 2, 4, or 8, respectively. The fixed subarray adopts the interlaced architecture in this simulation. Observed from Fig. 5 (a) , Fig. 5 (b) and Fig. 5 (c) , the dynamic subarray obviously performs better than the fixed subarray in diverse settings because the adaptive antenna partitioning algorithm obtains more array processing gains.
More importantly, the performance gaps of three array architectures are more obvious with 8 RF chains observed from Fig. 5 (c) . It validates our analysis that the dynamic subarray would bear slight performance degradation with lower power consumption and hardware cost compared with the fully-connected architecture. For example, when the BS is configured with 128 antennas and 8 RF chains, the number of PSs and RF adders can be reduced to 128 and 0 in the dynamic subarray and the fixed subarray compared with 8 × 128 and 128 in the fully-connected architecture, respectively.
To further compare the performance of the proposed solution and the existing schemes, Fig. 6 indicates the sum rate according to transmitting antenna numbers when each user is equipped with 2 receiving antennas. Here, the numbers of RF chains at the BS are set as 2, 4, 6, and 8, respectively. In Figs. 6 (a) and (b), SNRs are assumed to be fixed at -10 dB and 0 dB, respectively. The results show that the performance of the proposed solution approaches that of the fully-connected architecture with 2 RF chains. When more RF chains are connected to the antenna arrays, the performance loss of the dynamic subarray is more obvious due to significantly reducing the hardware cost and power consumption.
Fortunately, the proposed solution can achieve considerably high sum rate performance with 4 ∼ 8 RF chains and 128/256 antennas, e.g., the proposed solution can achieve about 91% (SNR = -10 dB) and 96% (SNR = 0 dB) of the sum rate compared with the fully-connected architecture. The configurations of 128/256 antennas and 4 ∼ 8 RF chains at the transmitter are the most common use cases in mmWave Massive MIMO systems. This result is significant for practical implementations since it means that the proposed multi-user hybrid precoding of the dynamic subarray performs almost as well as the fully-connected architecture in the main use case of massive MIMO mmWave systems.
B. PERFORMANCE COMPARISONS OF ENERGY EFFICIENCY
In this subsection, we investigate the energy efficiency of multi-user hybrid precoding designs in three antenna array architectures. According to [20] , [21] , the energy efficiency formula can be expressed as
where P t is the transmission power constrained to F RF F BB 2 F = K , η is the power amplifier efficiency, P RF is the energy consumed by RF chain, P PS is the energy consumed by the PS, and N PS is the number of required PSs, respectively. Here, we use P RF = 250mW [31] and P PS = 1mW [32] in simulation. Fig. 7 compares the energy efficiency for different numbers of RF chains, N RF , where SNR = -10 dB, N TX = 64, N RX = 2. It is observed from Fig. 7 that, in accordance with the theory analysis, the increment of the number of RF chains results in evident performance losses in energy efficiency, since a large amount of electronic equipments consume more power. Further, we can find that all the partially-connected hybrid architectures achieve higher energy efficiency than the fully-connected hybrid architecture. Moreover, the proposed hybrid precoding solution in the dynamic subarray is more energy efficient than the hybrid precoding design in the fixed subarrays.
In Fig. 8 , the energy efficiency versus the number of transmitting antennas is illustrated with N RF = 4, N RX = 2, and SNR = -10 dB. Here, the BS is equipped with N TX antennas, where N TX = 16, 32, 64, 128, and 256, respectively. The results in Fig. 8 show that the improvement in energy efficiency is remarkable with the number of antenna elements increasing. Moreover, the proposed solution achieves better energy efficiency than the fixed subarrays and the fully-connected architecture.
In conclusion, the proposed multi-user precoding for the dynamic subarray architecture is more energy efficient than the conventional multi-user precoding schemes according to the simulation results of energy efficiency.
C. COMPUTATIONAL COMPLEXITY
Consider a multi-user downlink system with N RF RF chains and N TX transmitting antennas. The problem in (13) is a combinatorial optimization problem for which the exhaustive search is required to find the optimal solution from all probable cases. Such that, the computational complexity is given by Note that this complexity is significant, even for a small number of RF chains and antennas. As a consequence, the complexity of our approach can be effectively reduced compared to the conventional approach by assigning each antenna. The complexity of our antenna subarray partitioning algorithm can be reduced to N RF × N TX .
D. FAIRNESS ANALYSIS
The antenna partitioning algorithm would affect the achievable rate of every user, thus the user fairness should be considered. In order to evaluate the achievable rate fairness of all served user, Jain's Fairness Index is employed as defined in [33] , [34] :
where F R,J is a variable between 1 K and 1. When the value of F R,J tends to 1, the fairness of the achievable rate between users is better (serves each user with same rate); when the value of F R,J tends to 1 K , the fairness of the achievable rate between users is worse (only serves one user). We compare the proposed solution and the exhaustive search in the dynamic subarray architecture. Fig. 9 shows the simulation result of the fairness index with different numbers of users, K , where SNR = 0 dB, N TX = 128, and N RX = 2. We can observe that the proposed solution is fairer than the exhaustive search algorithm. Moreover, the proposed algorithm achieves the trade-off between the user fairness and the maximum sum rate criterion because the fairness index tends to 1.
VI. CONCLUSION
In this paper, we developed a multi-user hybrid precoding framework in the dynamic subarray of mmWave Massive MIMO systems. Especially, the proposed antenna partitioning algorithm guarantees the user fairness and reduces the computational complexity because each antenna element is allocated based on the criterion of the maximum SINR increment for all selected users. Simulation results show that the sum rate and energy efficiency achieved by the dynamic subarray architecture significantly outperform those of the fixed subarray architectures. Furthermore, the energy efficiency of the proposed solution in the dynamic subarray case obviously outperforms that of the fully-connected architecture with a slight performance loss in the sum rate. Simulation results are consistent with the theory analysis, and demonstrated that the proposed multi-user scheme can achieve the right trade-off between the hardware complexity and system performance for mmWave Massive MIMO systems.
